Abstract. Numerical investigation was conducted into dynamics of deep-hole drilling shaft system. The rotating drilling shaft was modeled as a Rayleigh beam conveying the fluid and subjected to torque, compressive axial force and support constraints. From the viewpoint of rotor dynamics and fluid-structure interaction, the governing equation of the drilling shaft system for lateral vibration was obtained taking into account of the fluid-structure interaction, the rotational inertia, the gyroscopic effect, the effect of the motion constraints and frictional damping generated by the surrounding fluid. The influence of the cutting fluid flow velocity, rotational angular velocity, torque, compressive axial force, and the support constraints on natural frequency and stability of the drilling shaft system was examined. It has been found that the cutting fluid flow velocity, compressive axial force and torque decreases natural frequencies of the drilling shaft system, whereas rotational angular velocity and support constraints can improve the stability of the drilling shaft system.
Introduction
The boring trepanning association (BTA) deep-hole drilling shaft system is a complex system with internal interaction and external disturbance. The dynamic behavior of drilling shaft exerts an unfavorable influence on cutting quality such as roundness, straightness and hole tolerance [1] [2] [3] [4] [5] .
Great importance has been attached to investigating dynamic behavior of drilling shaft. A three-dimensional general equation of torsional, axial and horizontal motion is established to investigate the characteristic properties of deep-hole drilling shaft [6] [7] . Kong [8] [9] constructed the dynamic model for rotating drilling shaft to investigate the nonlinear dynamic responses taking into account of the influence of the cutting force fluctuation, auxiliary support and mass eccentricity. In addition, an improved Newton shooting method is presented to obtain the periodic trajectory of the motion and analyze the nonlinear dynamic behaviors of drilling shaft system. Perng [10] developed equations of motion for two different models: a Timoshenko beam model and a Euler-Bernoulli beam model. He analyzed the eigen properties of spinning deep-hole drilling shaft containing flowing fluid and subject to compressive axial force. Ahmadi [11] presented a generalized stability model for drilling dynamics considering the regeneration of chip thickness due to the tool deflection in the lateral, torsional and axial directions. The interaction between the workpiece and the drilling shaft is equivalent to the internal excitation of the system, which is introduced to investigate the whirling vibration of deep-hole drilling shaft [12] . Kenichiro [13] proposed an analytical model to study chatter vibration considering the support position of the drilling shaft in detail such as at the oil feeder device, the auxiliary support and the base, and investigated numerically the dynamic stability of the drilling shaft.
The principle of deep-hole drilling dynamics is similar to that of bottom-hole assembly (BHA) drill strings dynamics [14] [15] [16] [17] . At present, a lot of research work has been done on torsional and lateral vibration in BHA drill strings dynamics. Gulyaev [18] analyzed the quasistatic stability of a rotating drill string under longitudinal force and torque. In addition, he determined the critical rotary speed of drill strings and used the buckling mode shapes to locate the position of installing centralizers, which would avoid the contact of drill string and borehole, and raise the critical rotary speed. Liu [19] studied the axial torsional coupling dynamics of rotating drilling system, carried out stability analysis and put forward a kind of stable domain expansion control strategy based on state feedback and time-delay feedback. The coupled orthogonal modes of the horizontal vibration of the drill string under the common action of the axial load and the torque are deduced, and the extended Galerkin method is used to determine the vibration mode and the natural frequency [20] .
However, a systematic investigation on the influence of flow velocity, rotational angular velocity, torque, compressive axial force, support constraints and their couplings on natural frequency and stability of BTA deep-hole drilling shaft system is not available.
In this paper, the BTA drilling shaft system is modeled as a Rayleigh beam conveying the flow fluid and subjected to torque, compressive axial force and support constraints. From the viewpoint of rotor dynamics and fluid-structure interaction, the governing equation of the drilling shaft system for lateral vibration is obtained taking into account of the fluid-structure interaction, the rotational inertia, the gyroscopic effect, the effect of the motion constraints and frictional damping generated by the surrounding fluid. The influence of the cutting fluid flow velocity, rotational angular velocity, torque, compressive axial force, and the support constraints on natural frequency and stability of the system is examined.
The Equation of Motion
In deep-hole drilling process, the drilling shaft rotates and is fed in the axial direction while the workpiece is fixed. As shown in Figure 1 , the drilling shaft rotating at angular velocity ω and conveying the cutting fluid with flow velocity U is subjected to torque on drill head, compressive axial force on drill head and support constraints. The drilling shaft is modeled as a Rayleigh beam which is clamping at one end and hinging at the other end [10] . Including frictional damping generated by the surrounding cutting fluid and the rotational inertia, the governing equation of the system for lateral vibration is obtained taking into account of the fluid-structure interaction, the effect of the motion constraints, the gyroscopic effect caused by rotation, torque and compressive axial force. From the viewpoint of rotor dynamics and fluid-structure interaction, the equations of motion [18, [21] [22] [23] [24] are given by (1) and (2) can be written in a uniform way as follows:
The dimensionless quantities are introduced as follows: 
Method of Solution
The dimensionless partial differential equation (4) are discretized using the Galerkin method. It is assumed that the non-dimensional displacement at any point ξ can be expressed as is the corresponding orthogonal eigenfunction of the beam, which is assumed to be fixed at one end and simply supported at the other end, given by λ that satisfy the above equation (7) are shown in Table 1 . 
To solve it simply, the state vector is introduced as follows:
(9) Thus, Eq. (8) is transformed into its first-order form:
where
, I is the identity matrix.
It is assumed that the form of solution of Eq. (9) . when the series (5) is truncated at 20 = N , numerical calculation is convergent using the Galerkin method.
Effects of cutting fluid flow velocity on natural frequency of the drilling shaft is illustrated in Figure 2 . As shown in Figure 2 , natural frequency of the system is largely affected by flow velocity. With the increase of flow velocity, natural frequency decreases obviously, especially for the first-order mode , at which flow velocity will result in instability as the critical flow velocity cr u is approached. At the same time, natural frequency of the first-order mode decreases to zero. 
The influence of compressive axial force on natural frequency of the drilling shaft is plotted in Figure 3 . It can be found that compressive axial force acting on the drill head tends to lower the natural frequency. Because the compressive axial force can soften the stiffness of the drilling shaft. In particular, the critical compressive axial force cr Γ results in instability as the natural frequency of the first-order mode decreases to zero. The influence is similar to that of flow velocity on the drilling shaft system. 
Effects of hole depth on natural frequency of the drilling shaft is depicted in Figure 4 . Compared Figure 4 with Figure 2 or Figure 3 , support constraints can significantly increase the natural frequency of the drilling shaft system. As shown Figure 4 , with the increase of hole depth, the first-order natural frequency of the system gradually decreases all the time. The greater hole depth is, the smaller the stiffness of the drilling shaft becomes. Because there is a lack of support for the drilling shaft inside the workpiece. In addition, this phenomenon indicates that the distribution position of support constraints plays an important role in the stiffness of the system. 
Effects of rotational velocity on natural frequency of the drilling shaft is shown in Figure 5 . With the increase of rotational angular velocity, the natural frequency tends to increase. However, the amplitude of the increase is comparatively small. The rotational angular velocity can improve the stability of the drilling shaft system to some extent. The gyroscopic effect contributes to keeping the inertia of its rotation direction along the axial line, which strengthens the stiffness of the drilling shaft. , 0
Effects of torque on natural frequency of the drilling shaft is shown in Figure 6 . With the increase of the torque, the first three-order natural frequency of the drilling shaft system decreases gradually, whereas the fourth-order natural frequency gradually increases. However, we are mainly concerned with lower-order vibration modes. Normally, the dimensionless torque is a small amount ( 1
<< Π
). Therefore, torque has little effect on natural frequency of the drilling shaft system, which is even negligible. In view of the above analysis, it is known that the cutting fluid flow velocity and compressive axial force have a significant impact on natural frequency of the drilling shaft system. The coupling effect of the cutting fluid flow velocity and compressive axial force on natural frequency of the system is mainly examined, as shown in Figure 7 . In the coupling case of compressive axial force 5 = Γ in Figure  7 (a), the system can lose instability at smaller critical flow velocity cr u compared with Figure 2 . Therefore, the drilling shaft system can become unstable both single and common influence of flow velocity and compressive axial force. Besides, the system is more prone to instability under the coupling action of flow velocity and compressive axial force. Similar influence on the system can be found in Figure 7 (b). The stable boundary of the system is depicted in Figure 8 . As shown in Figure 8 , the parameter boundary between the stable and unstable parameter region can be obtained by numerical solution. The cutting fluid flow velocity and compressive axial force are interrelated and common to affect the stability of the drilling shaft system. With the increase of one parameter, the other parameter must decrease correspondingly on the stable boundary. The parameter boundary encircles a parameter region in two-dimensional plane, where any combination of parameters can ensure that the system is stable. 
Summary
In this investigation, the influence of the cutting fluid flow velocity, rotational angular velocity, torque, compressive axial force, and the support constraints on natural frequency and stability of the drilling shaft system has been illustrated. The numerical results indicate that flow velocity, compressive axial force and torque decreases natural frequency of the drilling shaft system, whereas support constraints and rotational angular velocity increases that of the drilling shaft system, which can improve system stability and enlarge the stability region. However, the torque and speed has little effect on natural frequency of the system. In addition, with the increase of hole depth, natural frequency of the first-order mode gradually decreases.
